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We investigate gravitational correlation functions in a curved background with the help of non-
perturbative renormalization group methods. Beta functions for eleven couplings are derived, two of
which correspond to running gauge parameters. A unique ultraviolet fixed point is found, suitable
for a UV completion in the sense of Asymptotic Safety. To arrive at a well-behaved flow in a curved
background, the regularization must be chosen carefully. We provide two admissible choices to solve
this issue in the present approximation. We further demonstrate by an explicit calculation that the
Landau limit is a fixed point also for quantum gravity, and additionally show that in this limit, the
gauge parameter β does not flow.
I. INTRODUCTION
For several decades, Einstein’s general relativity has
successfully precluded any attempt of quantization. At
the heart of the problem lies the negative mass dimen-
sion of Newton’s constant, which implies the failure of
standard perturbation theory. An alternative route was
suggested by Weinberg [1]. He proposed that gravity
might be interacting in the far ultraviolet, but controlled
by a fixed point of its renormalization group (RG) flow.
Such an interacting, or nontrivial fixed point is termed
asymptotically safe, in contrast to an asymptotically free
fixed point, where the couplings vanish.
With the advent of modern functional RG equations
[2–4], the Asymptotic Safety scenario received growing
attention. Starting with the seminal paper [5], in which
the nonperturbative beta functions for Newton’s con-
stant and the cosmological constant were derived for the
first time, approximations were successively improved.
This includes aspects of the Einstein-Hilbert approxima-
tion [6–25], higher derivative terms [26–34], f(R) grav-
ity [35–52], the resolution of the fate of the perturbative
counterterm [53], the quantization of ADM variables [54–
56], the inclusion of torsion and nonmetricity [57] and
progress on unitarity [58]. Recently, there is growing in-
terest in the study of gravity-matter systems [55, 59–80].
All studies come to the conclusion that there is indeed a
suitable fixed point which facilitates an ultraviolet (UV)
completion of gravity. Phenomenologically, black holes
[81–86], cosmological aspects [87–97], the Unruh effect
[98], the C-function [99] and the dispersion of different
modes [54] have been investigated. Assuming that there
is an asymptotically safe fixed point, a precise prediction
of the Higgs mass was made in [100] before its measure-
ment at the LHC [101, 102].
For technical reasons, the background field method is
indispensable in these calculations. In this, the met-
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ric is split into a background and a (not necessarily
small) fluctuation field. It was soon realized that the
disentanglement of these two quantities is central to ob-
tain reliable results. In [63, 103] it was shown that an
improper treatment of this difference can alter univer-
sal one-loop beta functions, and even destroy asymp-
totic freedom in Yang-Mills theory. Similarly, the well-
known Wilson-Fisher fixed point can disappear [104]. To
solve this problem, one has to deal either with two fields
[34, 72, 73, 75, 94, 105–113], or solve the corresponding
split Ward identities [51, 104, 114–121]. Closely related
are geometric quantization schemes [43, 116, 122, 123].
In the study of fluctuation correlation functions, so far
the analysis was restricted to a flat background. This
bears technical advantages, e.g., the full momentum de-
pendence can be resolved [109]. However, it is the func-
tional dependence of the effective action on the back-
ground field which is necessary for the calculation of
observables [124]. Hence, the introduction of a generic
background is unavoidable and the study of correlation
functions including the background curvature is impor-
tant. As a first step, we resolve the curvature depen-
dence of the graviton propagator to linear order in the
curvature within a derivative expansion. This is a further
step in the systematic exploration of correlation functions
in quantum gravity, enabling us to assess in what way
quantum effects in the UV shift the dependence of the
propagator on the curvature compared to the classical
expectation from the Einstein-Hilbert action.
We show within our truncation that the Landau gauge
is a fixed point of the RG flow of both gauge parameters.
This may seem to be a trivial statement, but it turns
out that a careful choice of the regulator is necessary to
obtain a finite right-hand side of the flow equation [6]. It
is in general difficult to find a valid choice on a curved
background geometry, since functions of the Laplacean
don’t commute with covariant derivatives. We provide
two different admissible regulators to linear order in the
background curvature. One of the choices does not in-
volve the gauge parameter α, and thus is technically su-
perior as it allows to take the Landau limit at the level
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2of the propagator. Furthermore, it is straightforward to
extend this regulator to higher order truncations. The
other regulator is the curved version of the regulator as
employed in [34, 108, 109, 112, 113]. For fluctuation flows
on flat background in Landau limit, both regulators give
the same result. To judge the quality of our approxi-
mation, we study the beta functions for general gauge
parameters, similar to our earlier work within the back-
ground field approximation [6].
In Landau gauge, we find one fixed point which still
depends somewhat on the remaining gauge parameter β.
For some choices, this fixed point is UV-repulsive, where
the leading critical exponents have large imaginary parts,
which we take as a hint that the inclusion of higher order
correlation functions is necessary to ultimately fix the
critical quantities.
This work is structured as follows: in section II, we give
the basic notions of our RG setup, together with the em-
ployed truncation in subsection IIA, the regularization
in subsection II B and the projection scheme, together
with a discussion of the Landau gauge in subsection IIC.
We go on with the discussion of the results in section III,
where we first consider the 0th order curvature couplings
in subsection IIIA, then the 1st order curvature couplings
in subsection III B. We end with a conclusion in section
IV. The appendices collect some technical information.
In appendix A, we give a basis for a set of correlation
functions, whereas in appendix B, we give some helpful
relations concerning the propagator functions for a sym-
metric spin 2 field. In appendix C, we give explicit fixed
point values for the two different regulators.
II. NONPERTURBATIVE CORRELATION
FUNCTIONS IN QUANTUM GRAVITY
A theory is completely fixed if a complete set of cor-
relation functions is given, as any observable can be con-
structed from these basic building blocks. These corre-
lation functions are generated by the effective action at
vanishing fluctuation field. To study the effective action
nonperturbatively, we use the formulation of the func-
tional RG by Wetterich [2]. For this, a fiducial scale k
is introduced, and momentum shells are integrated out
at this scale successively in a Wilsonian sense. The k-
dependent, so-called effective average action, Γ, fulfills
the RG equation
Γ˙ ≡ k∂kΓ = 1
2
STr
[(
Γ(2) + R
)−1
k∂kR
]
. (1)
In this equation, STr indicates a supertrace, which in-
cludes summation over discrete and integration over con-
tinuous indices as well as a minus sign for Graßmann-
valued fields, and R is a regulator, which effectively
behaves like a momentum-dependent mass term. Re-
views of the functional RG in gravity can be found in
[14, 18, 115, 125–127].
A. Truncation
In the following we present our truncation scheme to
solve (1). As a starting point, we take the Einstein-
Hilbert action,
Scl =
1
16piGN
∫ √
g (−R+ 2Λ) , (2)
where GN is the classical Newton’s constant, Λ the cos-
mological constant and R the Ricci scalar of the metric g.
We implement the background field method by a linear
split,
gµν = g¯µν + hµν . (3)
Other choices are also possible, see e.g. [6, 23, 24, 32, 47,
48, 50, 70, 73, 74, 120, 128, 129]. Our goal is to resolve
the flow of the two-point-correlator Γ(2), including up to
two derivatives or one curvature, and parts of the three-
graviton vertex Γ(3) similar to [112]. Let us start by pa-
rameterizing the inverse propagator. For this, we amend
the quadratic part of the classical action with a gauge fix-
ing and further couplings, which allows us to go beyond
the background field approximation. The constant part
can be spanned by two gaps, ΛTL and ΛTr, corresponding
to the traceless and the trace sector of the fluctuation,
respectively. To linear order in the background curva-
ture, five independent tensor structures appear, and we
supply each of them with a unique coupling R. These
couplings are introduced in such a way that their classi-
cal value is zero. Finally, we introduce a uniform wave
function renormalization Zh.
The gauge fixing is given by
Fµ =
(
δ(αµ D¯
β) − 1 + β
4
g¯αβD¯µ
)
gαβ . (4)
Here, D¯ denotes the covariant derivative with respect
to the background metric g¯, whereas D in the following
corresponds to the covariant derivative with respect to
the full metric g. The gauge fixing is implemented in a
standard way by the Faddeev-Popov construction,
Γgf =
1
16piGNα
∫ √
g¯ g¯µνFµFν , (5)
which gives also rise to the ghost action
Γgh = −
∫ √
g¯ c¯µ
[
2g¯µ(αD¯β) − 1 + β
2
g¯αβD¯µ
]
Dαcβ .
(6)
Our ansatz for the quadratic part of the effective action
thus amounts to
3Γquad =
Zh
64pi
∫ √
g¯ hµν
[
ΠµνTLρσ
(
∆¯ + 23 (1 + 3RRTL) R¯− 2ΛTL
)
+ 2 (RC − 1) C¯µ νρ σ + 2RSTLΠµνTLαβS¯αγΠβγTLρσ
+
2(α− 1)
α
ΠµνTLαβD¯
αD¯γΠ
βγ
TLρσ +
β − α
α
g¯µνD¯αD¯βΠ
αβ
TLρσ + 4RSTrg¯µν S¯αβΠαβTLρσ
+
1
2α
ΠµνTr ρσ
((
β2 − 3α) ∆¯ + 4α (ΛTr +RTrR¯)) ]hρσ ,
(7)
where we introduced the background Laplacean ∆¯ =
−D¯αD¯α. Everything is spanned in a traceless decompo-
sition. In particular, we use the Weyl tensor C and the
trace-free Ricci tensor S to rewrite the Riemann tensor,
Rµνρσ = Cµνρσ + gµ[ρSσ]ν + gν[σSρ]µ +
1
6
Rgµ[ρgσ]ν , (8)
and the Ricci tensor,
Rµν = Sµν +
1
4
Rgµν . (9)
The projectors ΠTL and ΠTr are defined as
ΠTL
µν
ρσ = 1
µν
ρσ −ΠTrµνρσ ,
ΠTr
µν
ρσ =
1
4
g¯µν g¯ρσ ,
1
µν
ρσ =
1
2
(
δµρ δ
ν
σ + δ
µ
σδ
ν
ρ
)
.
(10)
It is useful to introduce a redefined gap parameter instead
of ΛTr, which accounts for the fact that the two (off-shell)
scalar degrees of freedom of the graviton mix, depending
on the gauge fixing. Defining
Λ˜ =
6ΛTr − 2β2ΛTL
(β − 3)2 , (11)
all propagators in the Landau limit have the denomi-
nator structure ∆¯ − 2Λ2, with Λ2 either being ΛTL or
Λ˜. In the results below one can see that this parame-
terization is reasonable since fixed point values of these
quantities change only mildly under the variation of the
gauge parameter β, whereas ΛTr shows a strong gauge
dependence.
For the higher order correlation functions, we use the
classical tensor structure as a model, in complete analogy
to [112]. In particular, this entails
Γcub = Z
3/2
h G
1/2
3 GN Scl, cub
∣∣∣
Λ→Λ3
,
Γquart = Z
2
hG4GN Scl, quart
∣∣
Λ→Λ4 ,
Γquint = Z
5/2
h G
3/2
5 GN Scl, quint
∣∣∣
Λ→Λ5
,
(12)
for the terms cubic, quartic and quintic in the fluctuation
field h, respectively. The Gn uniformly parameterize the
interaction strength of the n-graviton vertex, while the
Λn characterize their constant parts. In order to close
the flow equation, we identify the couplings of the four-
and five-point correlators with those of the three-point
correlator, i.e.
G5 = G4 = G3 , Λ5 = Λ4 = Λ3 . (13)
A complete basis of all correlation functions up to third
order in the fluctuation, second order in derivatives and
first order in curvature can be found in appendix A.
The strength of the ghost-graviton-vertex is also approx-
imated by the same coupling G3.
B. Regularization
On a general background, it is nontrivial to find a reg-
ulator such that also the curvature part of the flow stays
finite, since there is a subtle interplay between the plac-
ing of the shape functions and the operators to be regu-
larized. As a validity criterion for a given regulator, we
demand that the Landau limit of the regularized propaga-
tor exists, since this is also the case for the unregularized
propagator, and seems to be a natural requirement.
In appendix B we derive the general propagator of a
symmetric spin 2 field on a flat background. Taking this
as a starting point, we observe that for small momenta
(i.e. small eigenvalues of the Laplacean) only the pref-
actors of ΠTL and ΠTr appear in denominators, and at
least they need regularization. This inspires the following
choice for the regulator:
∆Sh=
Zh
64pi
∫√
g¯ hµν
[
ΠµνTLρσ− 5+β(β−2)2 ΠµνTr ρσ
]
R(∆¯)hρσ.
(14)
The argument is similar for the ghost field, which is a
vector: only the prefactor of the identity appears in de-
nominators, thus we can regularize
∆Sc =
∫ √
g¯ c¯µR(∆¯)c
µ . (15)
This regulator is well-behaved in the Landau limit by
construction, and the prefactors are arranged such that
in this limit, the denominators have the canonical form
∆¯ + R(∆¯) − 2Λ2 for the graviton, and ∆¯ + R(∆¯) for
the ghost. As a downside, it doesn’t regularize the pure
gauge modes at all. This poses no obstruction for the
calculation of the flow of the fluctuation couplings. As
it turns out, their contribution to the flow of fluctuation
couplings drops out in the Landau gauge even for more
general regulators which regularize all modes (see below).
Note however that this is not true for the flow of the
4background couplings. There the above regulator is ill-
behaving since it destroys the on-shell cancellation of the
Faddeev-Popov ghosts and the gauge modes, i.e. one ex-
pects for the background cosmological constant a positive
contribution from five transverse traceless (TT) modes,
three transverse vector modes and two scalar modes, and
a negative contribution from the eight ghost modes, lead-
ing to two physical modes for the graviton. However,
this cancellation in the background sector is broken for
the above regulator. On the other hand, for fluctuation
flows, this regulator has several virtues. First of all, it
doesn’t involve the gauge parameter α, thus it allows for
technical simplifications in the Landau limit, which can
be taken already after the propagator has been calcu-
lated. Secondly, this regulator can be trivially extended
to higher derivative theories.
A second possibility to regularize the propagator is to
generalize the regulator of [34, 108, 109, 112, 113] to
curved space. For this to give well-defined flows, the
ordering of the derivatives and the shape function is cru-
cial. To see this, first note that [f(∆¯), D¯µ] 6= 0, since we
are considering a curved space. Second, there is a sub-
tle interplay of taking the Landau limit and the prop-
agator becoming degenerate in the scalar sector of the
TT-decomposition. These two properties can lead to di-
vergences, cf. equation (25) of [6]. It turns out that the
following ordering is well-defined, at least to linear order
in the background curvature that we consider here:
∆Sh =
Zh
64pi
∫ √
g¯ hµν
[
− 1µνρσD¯αr(∆¯)D¯α − −8α+ (1 + β)
2
2α
ΠµνTr ρσD¯
αr(∆¯)D¯α
+
1− 2α+ β
2
(
g¯µνD¯(ρr(∆¯)D¯σ) + g¯ρσD¯
(µr(∆¯)D¯ν)
)
+ δ
(µ
(ρ D¯
ν)r(∆¯)D¯σ)
]
hρσ .
(16)
In this, we substituted R(∆¯) by ∆¯r(∆¯). In a similar way,
for the ghosts we choose
∆Sc = −
∫ √
g¯ c¯µ
[
δµν D¯ρr(∆¯)D¯
ρ +
1− β
2
D¯µr(∆¯)D¯ν
]
cν .
(17)
It is this regulator that we use in presenting numerical re-
sults. Still, as already stressed earlier, for the fluctuation
flows on flat background, both regulators give the same
result for the graviton contribution to the flow, which is
a highly nontrivial result. Although small, a natural dif-
ference appears due to the different regularizations of the
ghost modes. For the 1st order curvature couplings, also
only minor differences in the flow induced by the gravi-
tons arise. For the actual shape function, we take the
Litim regulator [130],
r(∆¯) =
(
k2
∆¯
− 1
)
θ
(
1− ∆¯
k2
)
, (18)
where θ is the Heaviside theta function.
C. Projection of flow equations and Landau limit
We now give some information on the projection
scheme to extract beta functions, and comment on the
Landau gauge. For the two-point function, all terms ap-
pearing on the right-hand side are sorted such that they
have a similar form as (7). From this we immediately get
the flows of the first order curvature couplings and the
gaps. We can also extract the flow of the gauge parame-
ters in this way, but it turns out that in the Landau limit
no nontrivial contribution from their flow enters the flow
equation of any other coupling. To make this precise, let
us introduce the anomalous dimension
η = −k∂k lnZh , (19)
and “gauge anomalous dimensions”, cf. equation (3.18) of
[131],
ηξ = −k∂k lnZξ , Zξ = Zh
α
,
ησ¯ = −k∂k lnZσ¯ , Zσ¯ = Zh(3− β)
2
16α
.
(20)
By direct evaluation, we get for the left-hand side of the
flow equation,
k∂kZξ = −Zh
α
η − Zh
α2
α˙ ,
k∂kZσ¯ = − (3− β)
2Zh
16α
η − (3− β)
2Zh
16α2
α˙− (3− β)Zh
8α
β˙ .
(21)
On the other hand, the right-hand side of the flow equa-
tion evaluates to
k∂kZξ = C1α˙+ C2β˙ + C3,
k∂kZσ¯ = C4α˙+ C5β˙ + C6 ,
(22)
where the Ci are functions of the couplings and gauge
parameters. It is important to note that these stay finite
in the Landau limit only if a well-behaved regulator is
chosen. This is the case for both (14) and (16), within
our truncation.
Now we can equate both sides of the flow equation, i.e.
5we take (22) and subtract from this (21), to get
0 =
(
Zh
α2
+ C1
)
α˙+
Zh
α
η + C2β˙ + C3,
0 =
(
(3− β)2Zh
16α2
+ C4
)
α˙+
(3− β)2Zh
16α
η
+
(
(3− β)Zh
8α
+ C5
)
β˙ + C6.
(23)
These equations can now be easily solved for α˙ and β˙, but
already by inspection of the leading α → 0 divergences
we find
α˙ = −αη +O(α2),
β˙ = −α16 C6 − C3(3− β)
2
2Zh(3− β) +O(α
2).
(24)
Hence, we immediately infer that the Landau gauge is
a fixed point for both gauge parameters with arbitrary
β < 3. Equally well we can formulate this in terms of the
gauge anomalous dimensions, ηξ and ησ¯,
ηξ =
α˙
α
+ η = O(α) , ησ¯ = 2 β˙
3− β + ηξ = O(α) .
(25)
These results suggest that the gauge modes should not
be rescaled by the wave function renormalization Zh.
This removes the appearances of Zh and η in the above
equations, and implies that both gauge parameters are
exactly marginal, since the stability matrix evaluated in
the Landau limit has zero eigenvalues,(
∂α˙
∂α
∂α˙
∂β
∂β˙
∂α
∂β˙
∂β
)
=
(
0 0
lim
α→0
3−β
2α (ησ¯ − ηξ) 0
)
+O(α) . (26)
The limit is finite since both gauge anomalous dimensions
are of O(α), see (25).
In the remainder of this work, we approximate η = 0,
which was shown to be a very good effective approxi-
mation of the fully momentum-dependent anomalous di-
mension [109].
Finally, we have to specify the projection scheme for
the couplings G3 and Λ3. A full characterization of the
three-point function seems difficult at present due to the
high number of different operators, see appendix A. To
enable checks with previous works, we choose the pro-
jection as in [112]. In the language of appendix A, this
amounts to projecting on the following linear combina-
tions:
G˙3 ∼ −2
3
c17 +
1
21
c13 − 6
21
c12 , Λ˙3 ∼ c3 . (27)
Note that the corresponding operators are exactly the
ones containing the TT-mode of the fluctuation only. We
verified that we get the same flow equations for G3 and
Λ3 as given in [112] if we choose β = 1 and identify
ΛTr = ΛTL = Λ2. The Landau limit flow equations for
g λTL
λ3 λ
˜
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Figure 1. Dependence of the fixed point values of the 0th order
curvature couplings on the gauge parameter β. All couplings
show only a mild variation with β. In particular, both gaps
are stable, which is to be contrasted with λTr, which depends
approximately quadratically on β, cf. equation (11).
all couplings are given in the supplemented notebook.
To derive the flow equations, we used the Mathematica
suite xAct [132–137], and to calculate the traces we used
covariant heat kernel techniques [29, 138–141].
III. FIXED POINT ANALYSIS
We can now discuss the fixed point structure of our
system. For this, we introduce dimensionless couplings
in the following way:
g = G3k
2 , λ3 = Λ3/k
2 ,
λTL = ΛTL/k
2 , λ˜ = Λ˜/k2 .
(28)
The 1st order curvature couplings are already dimension-
less.
First we discuss the flow of the couplings which also
exist on a flat background, (g, λTL, λ˜, λ3), in the Landau
limit, for arbitrary β. If these couplings don’t show a
fixed point, the full system cannot show it, since the flow
of these couplings by construction doesn’t depend on the
1st order curvature couplings. Afterwards, we discuss the
fate of the latter. For definiteness, we only discuss the
results obtained with the regulator (16). The results for
the other regulator (14) are quantitatively very similar.
A. 0th order curvature couplings
It turns out that we find a single fixed point which is
rather stable under variation of the gauge parameter β.
The fixed point values of the 0th order curvature cou-
plings in dependence on β are shown in Figure 1. It
can be seen that all couplings depend mildly on β. In
6Re θ1,2
Im θ1
θ3
θ4
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Figure 2. Dependence of the critical exponents of the 0th
order curvature couplings on the gauge parameter β. The
complex pair of critical exponents mainly corresponds to the
couplings g and λTL, the third mainly to λ3, and the most
irrelevant one to λ˜.
particular, both gaps behave very similarly, and are ef-
fectively only shifted by a constant. Figure 2 shows the
critical exponents of these couplings, being minus the
eigenvalues of the stability matrix. We generically find
one complex conjugate pair, and two real repulsive ex-
ponents. The complex pair corresponds to relevant op-
erators for β & −0.98, and to irrelevant operators for
values of β less than this. They have their main direc-
tion along the (g, λTL)-plane. One should however note
that in any case, the imaginary part dominates and the
absolute value seems to be rather large, indicating that
further operators might be necessary to pin down the
relevance of these operators. The generically irrelevant
operators are λ3 and λ˜, where the latter is more strongly
irrelevant.
Typically, for a given value of β, other fixed points exist
in the physical regime. As an example, for both choices
β = 1 and β = −1, we find a fixed point with two or
one relevant direction, respectively. Nevertheless, chang-
ing β reveals that these fixed points depend strongly on
the gauge. This emphasizes the need to check gauge de-
pendence if one wants to reliably select a suitable fixed
point for the UV completion of quantum gravity in an
RG setup.
Let us also note that in the limit β → −∞, which was
preferred in the background field approximation [6] due
to its weak gauge dependence, we don’t find a physically
interesting fixed point. This means that all fixed points
that are found have either a negative g or are behind the
singularities at λTL = 1/2 and λTL = −1/4. The latter
pole comes from the fact that the gap of the scalar modes,
Λ˜, given by (11), doesn’t include λTr in that limit,
Λ˜
β→−∞−→ −2ΛTL , (29)
and thus there is a second pole induced solely by λTL.
ℛC
ℛSTL
ℛRTL
ℛSTr
ℛRTr
-4 -3 -2 -1 0 1 2
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β
Figure 3. Dependence of the fixed point values of the 1st
order curvature couplings on the gauge parameter β. Some
couplings show divergences for specific values of β, indicating
the breakdown of the truncation or the regulator.
B. 1st order curvature couplings
Let us now turn our attention to the 1st order curva-
ture couplings. The fixed point values are shown in Fig-
ure 3. One can see a much stronger gauge dependence
than in the case of the 0th order curvature couplings.
This has mainly two reasons. On the one hand, many
further operators contribute to their flow equation, which
however are higher order in our ordering scheme, e.g.
hµνR¯∆¯hµν . On the other hand, the regulator choice, in
particular the inclusion of endomorphisms, decides how
modes are integrated out, and thus it also has a lead-
ing order effect on the flow of the 1st order curvature
couplings. It is hence not that surprising that some cou-
plings even show divergences for specific choices of the
gauge parameter β.
The 1st order curvature couplings are introduced in
such a way that their classical value is zero, cf. (7).
Away from the singular points, their fixed point values
are generically small, i.e. of order one. This indicates
that the quantum deviations of the diffeomorphism sym-
metry are of semi-perturbative nature. Note also that
a comparison with background flows is inherently diffi-
cult, since our fluctuation setup comprises five different
couplings belonging to linear order in the background
curvature, whereas in a background setup, there is only
one.
In Figure 4 we display the corresponding critical expo-
nents. Due to the traceless basis we employ, the critical
exponents cluster. This means that the eigenvectors of
the critical exponents corresponding to the Weyl tensor
invariant, the traceless Ricci tensor invariants and the
Ricci scalar invariants are strictly orthogonal. In the
mixing sectors, the more relevant operators are mainly
corresponding to the couplings RSTr and RRTL. This
is partly unexpected, since RSTL involves two external
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Figure 4. Dependence of the critical exponents of the 1st order
curvature couplings on the gauge parameter β. They can be
grouped according to the curvature tensor they refer to, since
in the traceless basis different curvature tensors don’t mix.
Thus, θC is exactly the critical exponent corresponding toRC,
θS1,2 corresponds to the mixing of RSTL and RSTr, whereas
θR1,2 corresponds to the mixing of RRTL and RRTr. At the
values of β where one of the couplings shows a divergence,
one of the critical exponents changes sign, thus changing the
relevance of the corresponding operator.
TT legs, whereas RSTr couples a TT leg and a Tr leg.
Naively, this suggests that RSTL should be more rele-
vant than RSTr. By contrast, this expected ordering of
relevance emerges for the operators involving the Ricci
scalar.
The general trend is that two to three critical expo-
nents are positive and thus correspond to relevant opera-
tors. A comparatively strong gauge dependence indicates
that either further operators need to be included, or en-
domorphisms have to be added in the regularization, to
make conclusive statements. Nevertheless, also irrelevant
operators appear, which is encouraging for the Asymp-
totic Safety scenario.
IV. CONCLUSIONS
In this work we made progress on several frontiers
of the Asymptotic Safety program for quantum gravity.
Above all, for the first time we resolved fluctuation cor-
relation functions on a generically curved background.
For this, we studied the propagator to linear order in
the background curvature. We further disentangled the
flow of the two gaps of the graviton propagator. To-
gether with a gauge-dependent redefinition of the scalar
gap, we found a UV fixed point suitable for Asymptotic
Safety, where couplings vary only mildly for different
gauge choices. The 1st order curvature couplings show a
stronger gauge dependence, which is expected since they
are of higher order, and further lower order operators, as
hµν∆¯2hµν , will contribute to the leading order of their
flow equations. Also, the choice of endomorphisms in the
regularization plays an important role.
Furthermore we were able to explicitly check that the
Landau gauge generically is a fixed point. Moreover, in
this gauge also the gauge parameter β does not flow. This
behaviour only arises for a sensible choice of the regula-
tor. Here we provided two examples of regularizations
which are well-behaved to linear order in the background
curvature, and distinguished by different tensor struc-
tures. Both regulators lead to agreeing results for the
graviton contribution to the flow of the 0th order curva-
ture couplings.
Future work can go in several directions. For once,
higher order correlation functions, as in [113], should be
included to stabilize the system. As a long term goal,
all operators of the basis presented in the appendix A
should be resolved. Compared to the present setting, this
would include about 25 more couplings. One might also
expect that momentum dependencies will become more
important if the coupling to the background curvature is
studied more extensively, since momentum and curvature
are intimately related.
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Appendix A: Basis for correlation functions
Here, we specify a basis for all correlation functions
with up to three gravitons, including up to two deriva-
tives or one background curvature. The one-point corre-
lator has 3 independent structures,
Γ(1) ∼ a1h+ a2h R¯+ a3hµν S¯µν . (A1)
For the two-point function, there are 2 invariants without
derivatives or curvature,
Γ
(2)
λ ∼ b1h2 + b2hµνhµν , (A2)
4 invariants with 2 derivatives,
Γ
(2)
D ∼ b3h ∆¯h+ b4hµν∆¯hµν
+ b5hD¯
µD¯νhµν + b6D¯
µhµρD¯
νhν
ρ ,
(A3)
and 5 invariants with a background curvature,
Γ
(2)
R ∼ b7hµνC¯µρνσhρσ + b8hµν S¯µρhρν
+ b9hµν S¯
µνh+ b10hµνR¯ h
µν + b11h R¯ h .
(A4)
8Finally, the three-point correlator can be spanned by 3
terms without derivatives or curvature,
Γ
(3)
λ ∼ c1h3 + c2hµνhµνh+ c3hµνhνρhρµ , (A5)
14 terms with 2 derivatives,
Γ
(3)
D ∼ c4h2 ∆¯h+ c5h2D¯µD¯νhµν + c6hhµνD¯µD¯νh+ c7hµρhµσD¯(ρD¯σ)h+ c8h
(
D¯ρhµ
ρ
)
D¯σh
µσ
+ c9hhµ
ρD¯(ρD¯σ)h
µσ + c10hhµν∆¯h
µν + c11hµνh
µν∆¯h+ c12hµ
ρhρ
ν∆¯hν
µ + c13hµνhρσD¯
µD¯νhρσ
+ c14hµνh
µνD¯ρD¯σh
ρσ + c15h
ρνhσνD¯(µD¯ρ)h
µσ + c16hνσ
(
D¯µh
µν
)
D¯ρh
ρσ + c17h
µνhρσD¯(µD¯ρ)hνσ ,
(A6)
and 9 invariants with a background curvature,
Γ
(3)
R ∼ c18C¯µνρσhνσhµτhρτ + c19C¯µνρσhhµρhνσ + c20S¯µνhνρhρσhσµ + c21S¯µνhµνhρσhρσ
+ c22S¯
µνhν
ρhρ
µh+ c23S¯
µνhµνh
2 + c24R¯ hµ
νhν
ρhρ
µ + c25R¯ hµνh
µνh+ c26R¯ h
3 .
(A7)
Appendix B: General formula for the propagator on
flat background
In this section, we show how to get the propagator on
a flat background, for a general ansatz independent of
the truncation. The most general form of a symmetric
rank (2,2) tensor T on a flat background depending on a
single momentum vector p reads
Tµνρσ = A1ΠTL
µν
ρσ +A2 ΠTr
µν
ρσ +A3 p
(µδ
ν)
(ρpσ)
+ A42 (p
µpν g¯ρσ + g¯
µνpρpσ) +A5 p
µpνpρpσ .
(B1)
Both the second variation of the action and the propa-
gator are of this form. It is straightforward to calculate
the inverse of this tensor,
Tµνρσ
(
T−1
)ρσ
αβ
= 1µναβ , (B2)
by explicit insertion of the ansatz. The coefficients Bi of
the inverse of the tensor with coefficients Ai read
B1 =
1
A1
,
B2 =
4A21 +
(
A1(5A3 + 4A4)−A2A3
)
p2 +
(
(5A1 −A2)A5 +A24
)
p4
4A21A2 +A1c1p
2 +A1c2p4
,
B3 = − 2A3
2A21 +A1A3p
2
,
B4 =
2
(
A1(−A3 − 2A4) +A2A3
)− 2((A1 −A2)A5 +A24)p2
4A21A2 +A1c1p
2 +A1c2p4
,
B5 =
2
(
A1
(
(A3 + 2A4)
2 − 4A2A5
)
+A2A
2
3
)
+ 2A3((A1 +A2)A5 −A24)p2
8A31A2 + 2A
2
1(c1 + 2A2A3)p
2 +A1
(
2A1c2 +A3c1
)
p4 +A1A3c2p6
,
(B3)
where p2 = pµpµ, c1 = A1(A3 + 4A4) + 3A2A3 and c2 =
(A1+3A2)A5−3A24. For small p2, only A1 and A2 appear
in the denominators, thus any regulator has to regularize
at least these two structures. For computational reasons,
we often need derivatives of the Bi w.r.t. p2. As the
expressions (B3) are rational functions, their derivatives
are rather lengthy. Here it helps to note, that for a simple
function of the form g(x) = 1f(x) the derivative can be
written as g′(x) = −g2(x)f ′(x). Similar expressions for
the derivatives of the Bi can be found if we rescale the
Ai and the Bi in such a way that no explicit p2 appears
in their relation,
A˜1 = A1 , A˜2 = A2 , A˜3 = p
2A3 , A˜4 = p
2A4 , A˜5 = p
4A5 ,
B˜1 = B1 , B˜2 = B2 , B˜3 = p
2B3 , B˜4 = p
2B4 , B˜5 = p
4B5 .
(B4)
9Then the B˜i as a function of the A˜i are given by equations (B3), replacing Ai → A˜i, Bi → B˜i and p2 → 1. Then one
can check that the derivatives of the B˜i are given by
B˜′1 = − B˜21 · A˜′1 ,
B˜′2 = − 14 (−4B˜1 + 3B˜4)B˜4 · A˜′1 − 14 (2B˜2 + B˜4)2 · A˜′2 − 14d21 · A˜′3 − 12d1(2B˜2 + B˜4) · A˜′4 − 14d21 · A˜′5 ,
B˜′3 = − 12 (4B˜1 + B˜3)B˜3 · A˜′1 − 14 (2B˜1 + B˜3)2 · A˜′3 ,
B˜′4 = − 14
(
4B˜1B˜4 − (2B˜1 − 3B˜4)(B˜3 + B˜5)
) · A˜′1 − 14 (2B˜2 + B˜4)(B˜3 + 2B˜4 + B˜5) · A˜′2
− 14d1d2 · A˜′3 − 14
(
(−B˜1 + 5B˜2 + 4B˜4)(B˜3 + B˜5) + 4B˜1B˜2 + 5B˜24 + 4B˜2B˜4
) · A˜′4 − 14d1d2 · A˜′5 ,
B˜′5 = − 14
(
(8B˜1 + 3B˜5)B˜5 + 6B˜3B˜5 + B˜
2
3
) · A˜′1 − 14 (B˜3 + 2B˜4 + B˜5)2 · A˜′2
− 14 (B˜3 + B˜4 + 2B˜5)(4B˜1 + 3B˜3 + B˜4 + 2B˜5) · A˜′3 − 12d2(B˜3 + 2B˜4 + B˜5) · A˜′4 − 14d22 · A˜′5 ,
(B5)
where d1 = −B˜1 + B˜2 + 2B˜4 and d2 = 2B˜1 + 2B˜3 + B˜4 + 2B˜5.
Appendix C: Regulator comparison
In this appendix, we present a comparison of fixed
point values and critical exponents for both regulators.
In particular, we choose β = 1, since close to this value all
fixed point quantities seem to show a weak β-dependence,
see the figures in the main text. Specifically, the most ir-
relevant critical exponents, θ4 and θR2 , which in general
strongly depend on β, show a local maximum near to
this value of β. Moreover, for this choice, both regu-
lators agree completely on a flat background, and only
differ to linear order in the background curvature. For
the 0th order curvature couplings, we obtain
g = 0.196 , λ3 = −0.00807 ,
λTL = 0.197 , λ˜ = 0.399 ,
(C1)
together with the critical exponents
θ1,2 = 1.65± 3.70i , θ3 = −5.43 , θ4 = −28.6 .
(C2)
For the 1st order curvature couplings, we find that only
some of them have differing fixed point values due to
the different regularization. With the minimal regulator
(14), we obtain
RC = 0.164 , θC = 1.39 ,
RSTL = 1.13 , θS1 = 1.24 ,
RSTr = 0.476 , θS2 = −1.44 ,
RRTL = 0.453 , θR1 = 0.607 ,
RRTr = −0.252 , θR2 = −31.5 .
(C3)
Employing the regulator (16), we find
RC = 0.164 , θC = 1.39 ,
RSTL = 1.39 , θS1 = 1.24 ,
RSTr = 0.348 , θS2 = −1.44 ,
RRTL = 0.447 , θR1 = 0.607 ,
RRTr = −0.169 , θR2 = −31.5 .
(C4)
It can be seen that the fixed point value of RC is the
same for both regulators. Even more surprisingly, the
critical exponents do not depend at all on the regulator
for this choice of the gauge fixing. For general choices of
β, there is a small difference between the two regulators
in all couplings and critical exponents, typically on the
percent level.
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